By admitting natural light deep into a building and connecting occupants with the outside, skylights can improve the aesthetic look of buildings and increase occupant satisfaction. In addition, by allowing the entry of natural light electric light levels can be reduced thereby leading to energy savings. However, the potential energy benefits and amenities of skylights have not been fully exploited in today's building design due to some theoretical and technical challenges. The lack of design tools is one of the major hurdles building designers face to adopt such products and quantify their energy benefits. The optical characteristics of skylights are the significant factors affecting their energy benefits. Recognizing this gap, the SkyVision tool was developed to assist skylight manufacturers and building designers in developing appropriate skylight designs for given building types and daylighting applications. This paper describes the models implemented in SkyVision to compute the optical characteristics of barrel-vault skylights with clear, fully translucent or partially diffusing glazing under beam and diffuse light. The models are based on the ray-tracing technique. Under diffuse light, two models are developed: (1) a luminance-based model when the sky luminance distribution is known; and (2) an illuminance-based model when the illuminance on a horizontal surface is known. The second model is simpler and faster and more suitable for annual performance calculation. Experimental measurements of the skylight transmittance were conducted under real sky conditions to validate the model predictions. The actual measurements compared reasonably well with the model predictions. The predictions from the luminance-based and illuminance-based models showed good agreement with each other. When applied to an example study, the models predicted that vault skylights with clear glazing are more effective than flat skylights with similar glazing in boosting the beam light transmittance, particularly in winter days. Translucent vault skylights are more effective than flat skylights with similar glazing in reducing solar heat gains, particularly in summer days. Translucent skylights may out-perform transparent skylights, particularly during sunny days in winter.
List of symbols
A 1 , A 2 designate the geometry of the side surfaces of the skylight A 3 designates the geometry of the top surface of the skylight A 11 portion of surface A 1 through which solar rays undergo only direct transmission A 12 portion of surface A 1 through which solar rays undergo transmission and interreflection A 31 portion of surface A 3 through which solar rays undergo only direct transmission A 32 portion of surface A 3 through which solar rays undergo transmission and interreflection E illuminance (lux) F kj view factor of surface k to surface j (dimensionless) F kb view factor of surface k to the skylight base surface (dimensionless) F sb view factor of skylight surface to its base surface (dimensionless) inter-reflected t transmitted
Introduction
Barrel-vault skylights are typically found in commercial and institutional buildings such as shopping malls, atria, schools, swimming pools, etc. They connect building occupants to the outside and provide the indoor space with natural illumination and solar heat gains. Properly designed skylights may save a substantial amount of energy for lighting, heating and cooling. 2, 3 Recent research has shown that the skylight shape and glazing type can significantly alter the skylight energy performance. 2 Á 4 The air space directly underneath the skylight may reduce the solar heat gains by up to 25%, 5 and the annual cooling energy by up to 6%. 6 Furthermore, some studies around the world have shown that skylights may improve non-energy aspects of buildings such as retail sales. 7, 8 However, the potential energy benefits and amenities of skylights have not been fully exploited in today's building designs due to some theoretical and technical challenges. The lack of design tools is one of the major hurdles building designers face to adopt such products and quantify their energy benefits. Currently available fenestration simulation software such as FRAMEplus5.1 9 and WINDOW5.1 10 deal with only planar and transparent geometry, such as windows and flat skylights. Sophisticated lighting simulation software such as RADIANCE, 11 LUMEN MICRO 12 and SUPERLITE 13 are not only cumbersome to use, but they do not provide any output related to the skylight optical characteristics required for product rating and selection. Specialized skylight software is very rare and limited. The SkyCalc program 14 is limited to some USA climate regions, and handles only flat translucent skylights.
Recognizing the limitations of the current fenestration computer tools, we developed SkyVision, a specialized computer program to predict skylight performance. The Sky-Vision tool aims at assisting skylight manufacturers and building designers to come up with an appropriate skylight design for a given building type and use. The tool analyses the optical characteristics of skylights of various shapes and types, and calculates their daylighting and energy performance. To maximize the energy benefits of skylights, SkyVision accounts for the lighting and shading controls, skylight shape, size and glazing type, curb/well geometry, building location and orientation, and prevailing climate. It is intended for use by skylight manufacturers, building designers, architects, engineers, fenestration councils, and research and educational institutions. Sky-Vision is available free of charge from the web site: http://irc.nrc-cnrc.gc.ca/ie/light/skyvision. The aim of this paper is to describe the development, validation, and application of the models implemented in SkyVision to predict the optical characteristics (transmittance, absorptance and reflectance) of barrelvault skylights.
Objectives
The specific objectives of this paper are:
. To develop analytical models to predict the optical characteristics of barrel-vault skylights with clear, fully translucent, or partially-diffusing glazing under beam and diffuse light (Section 3).
. To conduct experiments to measure the visible transmittance of a barrel-vault skylight (Section 4). . To compare the measurements with the model predictions (Section 5.1). . To apply the models to predict the visible transmittance of a barrel-vault skylight under typical summer and winter days (Section 5.2). . To compare the performance of the developed luminance-based and illuminancebased models (Section 5.3).
Mathematical formulation
A barrel-vault skylight is made of three glazed surfaces: a top cylindrical surface (A 3 ), and two side surfaces (A 1 and A 2 ). The skylight is geometrically defined by the truncation angle (s 0 ), radius (R) and length (L). The axis of the cylindrical surface may be oriented with an azimuth angle c 0 with respect to the south direction. Each skylight surface may take on a different glazing type. The surface glazing may be multi-pane partially diffusing or clear. Partially diffusing glazing is commonly found in skylights, particularly skylights with plastic glazing. Figure 1 shows a schematic description of a barrel-vault skylight.
Analytical models based on the ray-tracing technique have been developed to predict the overall optical characteristics of transparent barrel-vault skylights under beam light. 4 The same ray-tracing technique was also applied to other skylight shapes. 15, 16 In the following, the previously developed models are extended to cover the optical characteristics of skylights with partially diffusing glazing under beam and diffuse light.
Beam light transmission
Tracing a given ray as it transmits through and reflects from the skylight surfaces is very complex to handle analytically. To simplify the problem, an approach is used to find mathematically well-defined surfaces so that the result of the ray-tracing can be easily handled in a closed form formulation. In this regard, two positions of the sun's rays with respect to the skylight are identified: sun's rays parallel and perpendicular to the skylight axis (y). When the sun's rays are in between the two positions, an interpolation formula is used. transmission, the individual skylight surfaces are split into two portions. One portion corresponds to the directly-transmitted component where the incident rays undergo only transmission to reach the skylight base surface. The second portion corresponds to the transmittedÁ/reflected component where the incident rays undergo transmission and interreflections from the skylight interior surfaces to reach the skylight base surface. Since the skylight glazing is partially diffusing, the glazing transmission or reflection for the beam light is made up of two components: beam and diffuse. Any transmitted or interreflected flux will therefore be made up of two components: beam and diffuse. The beam component follows the direction of the incident rays whereas the diffuse component is assumed to be uniformly spread in all directions.
Sun's rays parallel to the skylight axis
The following analysis assumes that the sun's position is within the quadrants of the side surface A 1 , that is only surfaces A 1 and A 3 are exposed to the sun's rays. This happens when the skylight azimuth angle with respect to the solar azimuth satisfies: 05/½c s (/c 0 ½ 5/ p/2, or 3p/2B/½c s (/c 0 ½ 5/2p. When the sun's position is within the quadrants of the side surface A 2 , (i.e., p/2B/ ½ c s (/c 0 ½5/ 3 p/2), the analysis also holds by exchanging the surface index 1 with 2 and vice versa.
The incident beam flux on a horizontal skylight is given by the following equation:
where E b is the normal beam illuminance, ds is an elementary surface, and u is the incidence angle on the elementary surface. The incidence angle (u) on an inclined surface is given by the following equation. 17 cosu 0 cosu z ×cosb'sinu z ×sinb×cos(c s (c) (2) where b is the inclination angle of the surface from the horizontal (varies from 0 to p/2 radians), c is the surface azimuth angle with respect to the south direction, positive west of south and negative east of south (varies from (/p to p radians), and c s is the solar azimuth angle.
The skylight surfaces A 1 (or A 2 ) and A 3 are defined as follows: where s is the position angle of a point on the skylight surface A 3 , and s 0 is the skylight truncation angle (varies from 0 to p/2 radians).
For a collimated beam light such as sunlight, the normal beam illuminance (E b ) does not vary with the surface inclination and azimuth angles. Thus, Equation (1) reduces to:
where S 1 is the area of surface A 1 , and S h is the area of the skylight base surface (aperture surface).
Since the skylight glazing is partially diffusing, the transmitted and absorbed beam flux is made up of two components*/beam and diffuse, given by the following equations:
QA par 0 QA b;par 'QA d;par (7) where QT b,par and QT d,par are the beam and diffuse components of the transmitted flux (QT par ) for the parallel configuration, respectively; and QA b,par and QA d,par are the beam and diffuse components of the absorbed flux (QA par ) for the parallel configuration, respectively. By following the ray-tracing technique, one obtains the beam and diffuse components of the transmitted and absorbed flux as follows: 
'a 1;b (u h )×r bb;2;b (u h )×G(n 1 )]×cosu×ds (10)
where A 11 , A 12 are the portions of surface A 1 that correspond with the directly-transmitted and transmittedÁ/reflected light flux, respectively; A 31 , A 32 are the portions of surface A 3 that correspond to the directly-transmitted and transmittedÁ/reflected flux, respectively; F kb is the view factor of surface A k to the skylight base surface, G is a reflection function, given by Equation (31); Q d,k is the diffuse flux exiting from surface A k ; n k is the number of reflections from surfaces A k ; a k,f and a k,b are the front and back absorptances of surface A k ; r bb,k,b and r bd,k,b are the beam and diffuse components of the back reflectance of surface A k (r k,b 0/r bb,k,b '/r bd,k,b ); t bb,k and t bd,k are the beam and diffuse components of the transmittance of surface A k (t k 0/t bb,k '/t bd,k ); and u h is the sun altitude angle (u h 0/p/2(/u z ). By using the net radiation method, one obtains the following equations for the diffuse flux: (14) where F kj designates the view factor from surface A k to surface A j , and Q 0,k is the initial flux (before the diffuse inter-reflection) exiting the surface A k . The initial flux is made up of the diffuse transmitted and interreflected flux, expressed in the following equations: Q 0;k 0 Q 0;k;t;par 'Q 0;k;r;par ; k 0 1 to 3 (15) where Q 0,k,t,par and Q 0,k,r,par stand for the diffuse transmitted and inter-reflected initial flux of surface A k for the parallel configuration, respectively.
Following the ray-tracing technique, the diffuse transmitted and inter-reflected initial flux is given by the following equations: 
The surface portions /A 11 ; A 12 ; A 31 and /A 32 are defined as follows: 
By taking into account Equations (21) to (24) , one obtains the transmitted and absorbed beam flux, Equations (8) and (10), as follows:
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Equations (16) to (20) also reduce to the following:
×G(n 1 (y; s))×sinsds (28)
The integrals in Equations (25) to (30) do not admit analytical solutions, and therefore they are solved using numerical integration models. The Gauss quadrature integration method is used in this paper.
The reflection function (G) is given by the following relation:
The unknown quantities in Equations (25) to (30) are given by the following relations:
where int() is a function that truncates a real number to an integer; N is the total number of reflections from surfaces A 1 and A 2 ; n 1 and n 2 are the number of reflections from surfaces A 1 and A 2 , respectively; S 1 and S 11 are areas of surfaces A 1 and A 11 , respectively; Y is the y-position of a point moving on the intersection curve between surfaces A 31 and A 32 ; y is the y-position of a point moving on surface A 3 ; and s 1 is the angle that delimits surfaces A 11 and A 12 , (varies from 0 to p/2 radians). N and n are the averages of N and n, respectively, over the surface portion A 12 . These are given by the following equations:
The sun's rays perpendicular to the skylight axis Figure 3 shows the beam light transmission through a transparent skylight when the sun's rays are perpendicular to the skylight axis. The sun's rays strike only a portion of the surface A 3 . The surface portion A 31 (s 0 5/s5/s 1 ) receives the directly-transmitted flux, and the surface portion A 32 (s 1 5/s5/s 2 ) receives the transmittedÁ/reflected flux. Only the first reflections from the skylight interior surface are considered (multiple reflections occur over a small surface near the angle s 2 ).
The incident, transmitted and absorbed flux is expressed as follows:
where QT b,per and QT d,per are the beam and diffuse components of the transmitted flux (QT per ), and QA b,per and QA d,per are the beam and diffuse components of the absorbed flux (QA per ). Using the same reasoning as before, the beam component flux (QT b,per and QA b,per ) is expressed in the following relations:
The diffuse components (QT d,per and QA d,per ) are given by similar relations as Equations (9) and (11) with the appropriate expressions for the initial surface flux (QT 0,k ):
with:
The surface portions A 31 and A 32 for the perpendicular configuration are defined as follows:
where s 1 and s 2 are angles that delimit the surface portions A 31 and A 32 , given by:
The incidence angle on the elementary surface (ds) of the surface A 3 is expressed as follows:
By performing the integration in Equations (39), (42) and (43), one obtains the following:
Incident flux:
Beam component of the transmitted flux:
Beam component of the absorbed flux:
Equations (46) and (47) also reduce to the following:
3.1.3 The sun's rays at an arbitrary position Calculation of the transmitted and absorbed flux at an arbitrary solar azimuth angle is very complex to perform since it is not straightforward to find mathematically well-defined exposed surfaces using the raytracing method. Rather, one opts to use a weighting factor to calculate the transmitted and absorbed flux based on the ones previously calculated for the sun's ray positions parallel and perpendicular to the skylight axis. Figure 4 shows the position of the skylight with respect to the sun and the four cardinal directions.
For a given skylight orientation (c 0 ), the incident flux and the weighted transmitted and absorbed flux are expressed as follows:
where W is the weighting factor to be determined, and QT d and QA d are the diffuse components of the transmitted and absorbed flux for the arbitrary sun's rays position. The diffuse flux (QT d and QA d ) is obtained by using Equations (9) and (11) by substituting the corresponding initial flux (Q 0,k , k 0/1 to 3) for the arbitrary sun's rays position. The latter flux includes terms that can be integrated over the skylight surface (diffuse direct transmission terms) and terms that cannot be easily obtained (diffuse inter-reflection terms). One may use the weighting factor approach to compute the diffuse inter-reflected initial flux as follows:
The diffuse initial exiting flux for the arbitrary sun's rays position is then expressed as follows:
Equations (57), (61) and (63) can be reduced to the following: 
where s t and c t are the position and surface azimuth angles that correspond to the sun's rays tangent to, or reaching the boundary of the skylight surface A/ 3 when the sun's rays are at an arbitrary position (note that s t 0/s 2 when the sun's rays are perpendicular to the skylight axis). The incidence angle u in Equation (66) is still given by Equation (2) by substituting the inclination angle b by ½p/2(/s½. The tangent angles (s t , c t ) are given by:
The weighting function W can be determined by calculating the incident flux on the skylight surface A/ t (Q i ,3 ) at an arbitrary solar azimuth angle, and the incident flux for the parallel and perpendicular sun's ray positions (Q i ,3,par and Q i ,3,per ). The function W can, thus, be expressed as follows:
By taking into account Equations (5), (52) and (64), one obtains the following relation for the weighting function W:
Beam optical characteristics
The above analysis shows that all the parameters needed to calculate the skylight overall transmittance, absorptance and reflectance are now available. These are expressed as follows:
Beam equivalent optical characteristics
Introducing the concept of the optically equivalent flat skylight that has the same aperture surface area and yields the same transmitted, absorbed and reflected flux as the barrel-vault skylight, the equivalent optical characteristics of barrel-vault skylights are expressed as follows: 4, 15 
where o is the ratio of the incident flux on the skylight surface to that incident on the optically-equivalent flat surface, given by:
Substituting Equation (64) in Equation (75), one obtains the following:
It should be noted that the equivalent skylight optics (t eq , r eq , a eq ) may become infinite when the sun is at the horizon (u z 0/p/2) since the incident flux ratio (o) may tend to infinity. This means that vault skylights may outperform flat skylights with similar glazing when the sun is at low altitude angles. This performance feature actually depends on the shape geometry characteristics (truncation angle and length-to-radius ratio). For example, low profile skylights (truncation angle s 0 close to p/2) may yield similar performance as flat skylights since o tends to 1.
Diffuse light transmission
Consider a skylight receiving light from a diffuse source. Any ray emanating from the source undergoes a direct transmission through the skylight surface and a series of inter-reflections from the skylight interior surface. The directly transmitted and the inter-reflected components are both dependent on the source itself and the transparency of the glazing. For partially diffusing glazing, any source ray undergoes both direct transmission and inter-reflection. However, for transparent glazing, any source ray may undergo both direct transmission and inter-reflection, or only inter-reflection. The inter-reflected flux may be assumed diffuse. Figure 5 shows the diffuse light transmission process through a vault skylight.
The incident diffuse flux on a vault skylight is expressed as follows:
where Q i,k is the incident flux on surface A k , and E d,t is the diffuse illuminance on a tilted surface. By using the net radiation method, one obtains the surface inter-reflected flux (Q k ) as follows:
where Q t,k 0/t d,k Q i,k is the diffuse transmitted flux through surface A k ; Q k is the interreflected flux from surface A k ; c 1 and c 3 are coefficients to be determined for surfaces A 1 (or A 2 ) and A 3 , respectively; F kj is a view factor of surface A k to surface A j ; F kb is a view factor of surface A k to the skylight base surface; /ḡ k is the average value of g k over surface A k , to be determined; t d,k is the diffuse transmittance of surface A k ; and r d,k,b is the diffuse back reflectance of surface A k . The Appendix presents methods to compute the coefficients g 1 , g 2 and g 3 and their surface averages. The coefficients c 1 and c 3 take into account the diffuse components of the surface transmitted flux (Q t,k ) that does not reach the skylight base surface. These are given by:
The transmitted, and absorbed flux is then given by the following equations:
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where a d,k,f and a d,k,b are the front and back diffuse absorptances of surface A k , r d,k,f and r d,k,b are the front and back diffuse reflectances of surface A k , and t d,k is the diffuse transmittance of surface A k . It should be noted that the transmitted and absorbed flux (Equations 82 and 83) for diffuse light is dependent on the skylight geometry, the optical properties of the skylight component surfaces, the incident flux on the skylight component surfaces (Q i,k ), and the glazing transparency of the skylight component surfaces (accounted for by the coefficients /ḡ k ). For surfaces with translucent glazing, the coefficients /ḡ k 0/1 independently of the light source. However, for surfaces with transparent glazing, the coefficients /ḡ k 0/0 for the groundreflected light, and are given by Equations (126) and (134) of the Appendix.
Diffuse optical characteristics
The diffuse optical characteristics for a given diffuse light source are expressed as follows: 
Diffuse equivalent optical characteristics
Two models are used to compute the equivalent optical characteristics under a diffuse sky light: luminance-based and illuminance-based models. In the luminance-based model, the sky luminance pattern is known (e.g., standard sky conditions), whereas in the illuminance-based model the illuminance on a horizontal surface is known. The luminancebased model is more accurate and results in more calculation time than the illuminancebased model. The latter model is more suitable to calculate the annual performance of skylights such as lighting energy savings. The diffuse equivalent optical characteristics are given by: 
where G(h,u z ,f) is the luminance at a given sky point, defined by the point zenithal angle (h) and its relative azimuth angle with respect to the sun position (f), and E dh is the diffuse horizontal illuminance, given by the following equation:
Illuminance-based model: Vault skylights receive sky diffuse light as well as surrounding/ground-reflected light. The incident total flux on the vault skylight surface is expressed as follows:
where E gr is the illuminance from the ground received on the elemental surface (ds), and E sky is the illuminance from the sky received on the elemental surface (ds).
The sky luminous flux may be decomposed into three components: a background uniform flux, circumsolar flux and horizon brightening flux. 1 For translucent glazing, the surrounding/ground-reflected flux and the three components of the sky luminous flux undergoes both direct transmission and inter-reflections. For transparent glazing, however, the groundreflected and horizon brightening flux undergoes only inter-reflections. The circumsolar flux is treated as beam light. Equation (89) reads as follows:
where E su is the illuminance from the uniform background sky component received on the elemental surface (ds), E hb is the illuminance from the horizon brightening sky component received on the elemental surface (ds), and E cs is the illuminance from the circumsolar sky component received on the elemental surface (ds).
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The total transmitted, absorbed and reflected flux reads as follows: For surfaces with translucent glazing ḡ k,gr 0/ ḡ k,su 0/1 for the ground-reflected and sky diffuse lights. For surfaces with transparent glazing, /ḡ k,gr 0/0 for the ground-reflected and horizon-brightening lights, and /ḡ k,su , are given by Equations (126) and (134) of the Appendix for the background diffuse sky light.
The diffuse equivalent optical characteristics for the combined sky and ground-reflected light are given by: 
For the isotropic overcast skies (E cs 0/E hb 0/0),
For the CIE standard overcast skies (E cs 0/ E hb 0/0),
(1(sins 0 )=coss 0 (112)
For the anisotropic skies,
where S k is the area of surfaces A k (k0/1 to 3), and F sb is the view factor of the skylight surface to its base surface. These are given by the following relationships: The equivalent visible transmittance of the skylight (t eq ), is defined as the ratio of the transmitted energy flux exiting from the skylight aperture opening to the flux incident on the horizontally projected skylight surface. To measure the transmitted energy flux, five illuminance sensors were placed at the skylight base surface, one in the center and one on each side between the center and the edge of the skylight. The sensor spacing was chosen so that each sensor represented the same surface area. To avoid any significant reflected light back to the skylight inside surfaces, black fabric was dropped from the edges of the skylight to the floor surface of the box. The five sensors were placed on a black wooden support. Figure 6 shows a schematic description of the measurement setup and sensor positions.
The outdoor solar radiation and illuminance were measured at the rooftop permanent weather station using a YANKEE SDR-1 radiometer. The YANKEE had two sensors for the solar irradiance and illuminance measurement. An automatic controlled shadow band periodically passed over the sensors in order to measure the diffuse horizontal irradiance and illuminance. When the band was removed from the sensor, global horizontal irradiance and illuminance measurements were taken.
The illuminance sensors were of type LI-COR model LI-210SA. The sensors were cosine corrected up to an incidence angle of 808, and had a sensitivity response function within 5% of the CIE Vl photometric efficiency function. All the illuminance sensors were calibrated by the manufacturer against an Eppley Precision Spectral Pyranometer. However, as part of our quality assurance procedure, all illuminance sensors were checked at our laboratory by comparing their readings with a calibrated hand-held illuminance meter. Sensors whose readings deviated by more than their uncertainty limit from the hand-held illuminance meter were not used in the experiment. As stated by the manufacturer, the maximum calibration uncertainty was about 5% within the sensor sensitivity range (from an incidence angle of 08Á/808; the error is very large beyond this angle). The YANKEE radiometer was calibrated by the manufacturer. The YANKEE calibration was also checked by comparing its readings with an outdoor LI-COR sensor. Given the definition of the measured equivalent visible transmittance, the maximum uncertainty in the measurement of the equivalent visible transmittance was calculated to be â2 )/5% 0/7% within the sensor sensitivity range.
The illuminance sensors were connected to a data acquisition system. The solar radiation radiometers were connected to a separate data acquisition system of the permanent weather station. Each data acquisition system was connected to a personal computer, which ran the data acquisition program. The sensor signals were collected and sent to the personal computer in voltage unit, which were then transformed to the desired units using the sensor calibration curves supplied by the sensor manufacturers. The sampling rate of the data acquisition systems was fixed at one minute, and sensor readings were averaged over a 5-min interval. The measurements were conducted over a whole day period, thereby covering different sky conditions: overcast, partly cloudy and clear sunny skies. Measurements under rainy or foggy days were discarded. The measurement results were presented for each sensor averaged-reading on a 5-min time step. More details may be found in this web site: http://irc.nrc-cnrc.gc.ca/ie/light/skyvision/ publications.html. 23 Optical characteristics of barrel-vault skylights 253
Results and discussion
The previously developed models are first compared with actual measurements. Then, the models are applied to predict the beam equivalent visible transmittance for a barrelvault skylight at various incidence and azimuth angles compared to a flat skylight with similar glazing. Finally, predictions of the diffuse equivalent visible transmittance of a barrel-vault skylight using the luminancebased and illuminance-based models are compared. The luminance-based and illuminancebased models use the models of Perez et al. 24, 1 to predict the sky luminance pattern and horizontal illuminance, respectively, based on the weather data for the location under consideration. Figure 7 shows a comparison between the measured and predicted equivalent visible transmittance of a clear barrel-vault skylight for the combined sky and sunbeam light on 24 October 2003. The sky conditions were partly cloudy in the morning and mostly sunny in the afternoon. The profiles of the horizontal diffuse and global (beam plus diffuse) illuminance are also plotted in Figure 7 . The luminance-based model was used to predict the diffuse transmittance of the skylight. The illuminance-based model also gave approximately the same results as the luminancebased model. The measured transmittance varied about 12% around the daily average. The minimum transmittance occurred when the sunbeam light was almost parallel to the main axis of the skylight. Given the measurement uncertainty of 7%, the model predictions followed the same trend, and were in good agreement with the measurements, with a maximum difference of about 11%. This difference may be attributed to the five sensors not being adequate to cover the large skylight opening and to accurately measure the transmitted energy. 
Model validation

Skylight visible transmittance profile
A barrel-vault skylight with a length-toradius ratio L/R 0/4 and a truncation angle s 0 0/0 is considered as an example application. The skylight surfaces have uniform glazing. Two types of glazing are considered: transparent with a double clear glass (with pane optical properties at normal incidence angle t 0/0.88, r f 0/r b 0/0.08), and fully translucent glazing with similar diffuse optical properties as the double clear glass (t d 0/ 0.70, r d,f 0/r d,b 0/0.22). For the transparent glazing, the transmittance and reflectance at oblique incidence angles are calculated using the laws of optics. The models are also used to predict the daily profile of the diffuse transmittance during typical summer and winter days in the Ottawa region (latitude0/458), Ontario, Canada. Three types of standard sky conditions are considered: CIE standard overcast, 25 IES partly cloudy 26 and CIE standard clear 25 as well as weather-based dynamic sky conditions. 17, 23 The ground re-flectance is given a value of r gr 0/0.2 for summer days, and 0.6 for winter days (snowcovered ground). Figure 8 shows the profiles of the equivalent transmittance (t eq ) for translucent and transparent skylights as a function of the incidence angle on a horizontal surface for a number of skylight relative azimuth angles (½c s (/c 0 ½ 0/08, 458 and 908). The transmittance profile of a flat skylight with similar glazing is also plotted in Figure 8 . Vault skylights may transmit substantially more beam light when the sun's rays are perpendicular to the skylight axis (½c s (/c 0 ½0/908) than when the sun's rays are parallel to the skylight axis (½c s (/c 0 ½0/08), particularly at high incidence angles (e.g., winter days). Transparent vaults transmit up to 75% more beam light than translucent vaults for incidence angles u z B/758 (e.g., summer days). As compared with flat sky- lights with similar glazing, transparent vaults transmit substantially more beam light at high incidence angles (i.e., low sun altitudes). For instance, at an incidence angle u z 0/708 (e.g., winter days at noontime), transparent vaults may transmit up to 70% more beam light than flat transparent skylights. At near normal incidence angles (e.g., summer days at noontime), transparent vaults transmit approximately the same amount as their counterpart flat skylights. However, translucent vaults transmit up to 40% less beam light than translucent flat skylights for incidence angles u z B/658. In this regard, transparent vaults out-perform flat skylights with similar glazing, particularly in regions with high latitudes such as Ottawa. Furthermore, translucent vaults would be a better option than flat translucent skylights to reduce solar heat gains in summer while they provide the same illumination levels in the winter. Figure 9 shows the hourly profiles of the diffuse equivalent transmittance (t eq,d ) for fully translucent and transparent vault skylights during a typical summer day (21 June). The results are obtained using the luminancebased model for a skylight oriented towards the east direction (c 0 0/ (/908). The sky condition does not significantly affect the diffuse transmittance of transparent skylights (maximum difference is about 6%, which is attributed mostly to the ground-reflected light on sunny days). When compared with flat transparent skylights (transmittance0/0.70), transparent vaults transmit up to 18% more diffuse light. However, the sky condition does affect the diffuse transmittance of translucent vaults mostly through the ground-reflected light, which is more pronounced during sunny days. Translucent vaults transmit up to 35% more diffuse light under sunny days than under overcast days. Furthermore, under sunny days, translucent vaults transmit as much diffuse light as transparent vaults. When compared with flat translucent skylights, translucent vaults transmit about 16% less diffuse light under overcast sky conditions, and transmit about 14% more diffuse light under clear sky conditions. Figure 10 shows the hourly profiles of the diffuse equivalent transmittance (t eq,d ) for translucent and transparent vault skylights during a typical winter day (21 December). The results are obtained using the luminancebased model for a skylight oriented towards the east direction (c 0 0/(/908). The sky condition slightly affects the diffuse transmittance of transparent skylights (maximum difference is about 15%, which is attributed mostly to the ground-reflected light on sunny days). When compared with flat transparent skylights, transparent vaults transmit about 30% more diffuse light. However, the sky condition significantly affects the diffuse transmittance of translucent vaults through the groundreflected light, which is more pronounced during sunny days. Translucent vaults transmit up to 70% more diffuse light under sunny days than under overcast days. Furthermore, under sunny days, translucent vaults transmit about 20% more diffuse light than transparent vaults. When compared with flat translucent skylights, translucent vaults transmit about 6% less diffuse light under overcast sky con-ditions, and transmit about 60% more diffuse light under clear sky conditions. Figures 11 and 12 show the profiles of the diffuse transmittance of transparent and translucent vault skylights predicted by the luminance-based and illuminance-based models under dynamic sky conditions during typical sunny days in summer (28 June) and winter (28 December), respectively. The physical properties of the simulated skylight are the same as those in Section 5.2. The luminance-based model uses the model of Perez et al. 24 28 June (sunny day) Figure 11 Comparison between the predictions from the luminance-based and illuminance-based models under dynamic sky conditions of a typical sunny summer day vault skylights may transmit up to 25% less diffuse light than transparent vault skylights, particularly in summer times. The predictions from the luminance-based and illuminancebased models showed good agreement with each other. Therefore, the simpler and faster illuminance-based model may be used with acceptable accuracy, particularly for annual performance calculation.
Beam equivalent visible transmittance profile
Diffuse equivalent visible transmittance profile
Luminance-based versus illuminance-based model comparison
8. Appendix: Calculation of coefficients g 1 , g 2 and g 3 8.1 Side surface A 1 (or A 2 ) Figure 13 shows a method to estimate the coefficient g 1 (or g 2 ) for the diffuse skylight. Assuming a uniform sky luminance, the directly-transmitted portion of the incident flux on a given point on the surface A 1 (or A 2 ) of the vault skylight is proportional to the Figure 13 Calculation of the coefficient g 1 angle B. The coefficient g 1 is then given by Equation (121): The average value of g 1 over the surface A 1 becomes: 
Performing the integration in Equation (125), one obtains: Figure 14 shows a method to estimate the coefficient g 3 for the diffuse skylight when the light source's rays are perpendicular to the skylight axis. Assuming a uniform sky luminance, the directly transmitted portion of the incident flux on a given point on the surface A 3 of the vault skylight is proportional to the angle B. The coefficient g 3 is then given by the following equation:
The average value of g 3,per over the surface A 3 becomes: Figure 15 shows a method to estimate the coefficient g 3 for the diffuse skylight when the light source's rays are parallel to the skylight axis. Assuming a uniform sky luminance, the directly transmitted portion of the incident flux on a given point on the surface A 3 of the vault skylight is proportional to the angle B. The coefficient g 3 is then given by the following equation: 
Since the sky luminance is assumed uniform, the average value of g 3 over the surface A 3 for both the perpendicular and parallel configurations reads as follows: The main advantage of the the proposed methodology is that all luminous quantities of the barrel-vault skylight can be estimated analytically and thus can be used directly into perhaps another design tool as input. Thus, specific performance indicators (thermal or optical) of the skylight's influence can be obtained, avoiding a large number of simulation iterations to select the proper system geometry. It is true that today's lighting simulation software can be quite complex, requiring an arduous and time consuming data preparation process, which is exactly the weak point during the initial design phase, where a large number of alternative scenarios have to be examined. Therefore, some compromise between accuracy and practicality is needed. It would be very useful if the author, in a future study, were to compare results from daylighting software with those from the presented method. This paper is valuable because it shows that the curvature of the glazing can make a big difference to the transmittance of a barrel vault rooflight, at least under certain sky conditions. It is not good enough to assume that the amount of light transmitted is always the same as for a flat rootflight of the same aperture area. Figures 9 and 10 also show that the translucent barrel vault rooflight has a significantly higher clear sky transmittance in winter than in summer, an important benefit in hot and sunny climates. Could the barrel vaulting be modified to exaggerate this effect and form a passive shading device?
Has the author gone on to study the impact of glazing bars on the effective transmittance? Bars that run round the vaulting would lower the transmittance when the sun is parallel to the line of the rooflight.
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As mentioned in the paper, this work was part of a completed project to develop a userfriendly computer tool (SkyVision) to predict the optical and daylighting performance of projecting skylights such as domes, barrel vaults, pyramids, tubular skylights. The tool is based on analytical models, derived from the ray-tracing technique. As Dr Santamouris and Dr Tsagkrasoulis acknowledged the advantages of analytical models, the significance of the tool is to generate performance indicators of skylights, which can be used for skylight product performance ratings, in the pre-design phase to select and build a proper skylight for a given building type, or as inputs for third party software such as that used for building-energy and daylighting simulation. As the validation is an integral part of a software development, experimental vali-Optical characteristics of barrel-vault skylights 263
